ABSTRACT. The aim of the present study was to examine the signaling pathways for a low dose of angiotensin II (ANG II) on Na + uptake of primary cultured rabbit renal proximal tubule cells (PTCs) in hormonally defined serum-free medium. The results were as follows; ANG II (10 11 M) stimulated the proliferation of PTCs. 10 11 M ANG II stimulated Na + uptake by 20%, whereas 10 9 M ANG II inhibited it by 20% (p<0.05). The stimulatory effect of 10 11 M ANG II on Na + uptake was inhibited by amiloride (10 3 M) and by losartan (ANG II receptor subtype 1 antagonist, 10 8 M) but not by PD123319 (ANG II receptor subtype 2 antagonist, 10 8 M). Pertussis toxin (PTX, 50 ng/ml) prevented the ANG II-induced stimulation of Na + uptake (p<0.01). 8-Bromoadenosine 3', 5'-cyclic monophosphate (8-Br-cAMP, 10 6 M) did not affect Na + uptake. SQ 22536 (adenylate cyclase inhibitor, 10 6 M) also did not change the ANG II-induced stimulation of Na + uptake. ANG II did not stimulate cAMP production. In contrast, 12-O-tetradecanoylphorbol-13-acetate (TPA, 0.01 ng/ml) produced significant increase in Na + uptake. When ANG II and TPA were added together to the PTCs, there was no additive effect on Na + uptake. Staurosporine (calcium-dependant protein kinase C inhibitor, 10 6 M) led to a complete inhibition of ANG II-induced stimulation of Na + uptake. ANG II-treatment resulted in a 26% increase in total protein kinase C (PKC) activity. However, 10 11 M ANG II did not change [Ca 2+ ] i mobilization and [ 3 H]-AA release while 10 9 M ANG II increased both of them. In conclusion, the PTX-sensitive PKC pathway may be the main signaling cascade in the stimulatory effects of low dose of ANG II (10 11 M) on Na + uptake in the primary cultured rabbit renal proximal tubule cells in hormonally defined serum-free medium.-KEY WORDS: angiotensin II, Na + /H + antiport, primary proximal tubule cell, protein kinase C.
A convenient means to evaluate the effects of hormones on renal tubule epithelial cells is to use in vitro cell culture systems. A primary cultured rabbit renal proximal tubule cells (PTCs) culture system has been developed that forms confluent monolayers of polarized epithelial cells when grown in a serum-free medium supplemented with insulin, transferrin, and hydrocortisone [6, 10] . The primary cells have been observed to retain a number of differentiated functions typical of the renal proximal tubule, including Na + -dependent sugar transport [23] , Na + -dependent phosphate transport [26] , and probenecid sensitive paminohippuric acid transport [33] . The pig kidney epithelial cell line LLC-PK 1 similarly retains a number of differentiated transport functions typical of the renal proximal tubule [13] , but exhibits vasopressin-sensitive cAMP production typical of the distal tubule [9] . Unlike the LLC-PK 1 cell line, the primary proximal tubule cell cultures possess parathyroid hormone-sensitive cAMP production typical of the renal proximal tubule [6] . Therefore, the membrane transport studies, such as established Na + uptake, conducted with such PTCs in hormonally defined, serum-free culture conditions have particular advantage that the results can be directly compared with the original renal tissue. The aim of the present study was to examine signaling pathways of stimulatory effects of ANG II on Na + uptake of PTCs in a hormonally defined serum-free medium. We demonstrate here that the PTX-sensitive PKC pathway is the main Angiotensin II (ANG II) is a potent regulator of proximal tubule functions. However, although effect of ANG II on NaCl, bicarbonate, and water reabsorption has been repeatedly reported [11, 20] , signaling pathways for these effects remain to be clarified. Inhibition of adenylate cyclase by a G i -coupled mechanism has been proposed to mediate the ANG II-induced stimulation of Na + /H + antiporter [15] . In in vivo microperfusion experiments in rat proximal tubule, luminal perfusion with cAMP to clamp intracellular cAMP abolishes the stimulatory effect of ANG II on Na + uptake [16] . These results suggest that the effect observed may be mediated by the activation of protein kinase A (PKA). However, in opossum kidney (OKP) cell lines, the ANG II-induced increase in Na + /H + antiport activity is mediated by the AT 1 receptor and PTX-sensitive but cAMP-independent [5] . In in vivo experiments in rat proximal tubule, the increment in solute absorption induced by a low dose of ANG II is partly or completely inhibited by PKC inhibitors, suggesting that PKC may be involved in the effects of ANG II [25] . In addition, stimulatory effects of luminal ANG II on J v or Na + /H + antiporter in perfused rabbit kidney vesicle were abolished by PLA 2 inhibitor, indicating the involvement of PLA 2 [14, 18] . These conflicting observations may result from differences in animal species or experimental model examined. Thus, the data cannot be easily extrapolated to intact tubule function and the intracellular mechanisms underlying ANG II effect in physiological conditions still remain to be investigated. signaling pathway involved in the stimulatory effects of ANG II on Na + uptake in the PTCs. [7] .
MATERIALS AND METHODS

Materials
Isolation of rabbit renal proximal tubules and culture conditions: Male New Zealand White rabbits (1.5-2.0 kg) were used for these experiments. Primary rabbit renal proximal tubule cell cultures were prepared by the method of Chung et al. [6] . The PTCs were grown in D-MEM/F-12 medium with 15 mM HEPES and 20 mM sodium bicarbonate (pH 7.4). Immediately prior to the use of the medium, three growth supplements (5 µg/ml insulin, 5 µg/ ml transferrin, and 5 × 10 8 M hydrocortisone) were added.
Cell growth study: To determine effects of ANG II, PTCs in culture were initiated in 35 mm dishes for cell growth studies. Briefly, tubules were inoculated at one-fourth the normal inoculum (the normal inoculum being 0.3 mg protein/dish). During this time, cell counts were determined on day 5, 9, and 13 from triplicate culture plate using a Coulter Model ZF particle counter. Na + uptake experiment: Immediately prior to Na + uptake studies, confluent monolayers were incubated with 10 11 M ANG II for 4 hr and with 5 × 10 5 M ouabain for 3 hr. Uptake experiments were then conducted as described by Rindler et al. [22] .
125 I-ANG II binding experiment: Binding assay to monolayer cells was performed by a modification of the method of Becker and Harris [2] . Confluent monolayers were washed with ice-cold PBS containing 0.1% albumin (PBS-A). The PTCs were incubated with 125 I-ANG II (0.1 pM) ± unlabeled ANG II (10 11 M) for 30 min at 37°C. Cells then were washed three times with ice-cold PBS-A and lysed with 0.05 M NaOH. 900 µl of lysate was counted in a gamma counter to determine cell-associated radioactivity. The remainder of lysate was used for protein determination [4] .
cAMP assay: The confluent monolayers were preincubated with 100 µM IBMX for 30 min at 37°C to inhibit degradation of cAMP. The sample was extracted by homogenization in buffer containing 4 mM EDTA to prevent enzymatic degradation of cAMP, followed by heating for 5 min in a boiling water bath to coagulate protein. After centrifugation at 3,000 rpm for 5 min, the cAMP in the supernatants was transferred into the new tube and stored at 4°C. These samples were used for cAMP assay by the use of [ 3 H] cAMP assay system. PKC assay: For PKC assay, PTCs grown in 35 mm plates were scraped off and suspended into 2 ml of ice-cold buffer A [10 mM Tris-HCl (pH 7.5), 0.25 M sucrose, 0.2 mM CaCl 2 , 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 µg/ml leupeptin and 10 mM benzamidine] and were separated into cytosolic and membrane fractions. Aliquots (5 µg of protein) of cytosolic and membrane fractions were assayed for PKC activity by using the PKC enzyme assay system, which is based on 32 P transfer to a peptide specific for PKC.
[ H]-AA which had been incorporated into the cells at the beginning of the incubations period (or the total released radioactivity plus the total cell-associated radioactivity at the end of the stimulation period).
Measurement of [Ca 2+ ] i by confocal microscopy: For loading fluo-3/AM into cells, the PTCs were incubated on a glass coverslip with 3 µM of fluo-3/AM in a bathing solution (140 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 0.5 mM MgCl 2 , 10 mM glucose, 5.5 mM HEPES, pH 7.4) at 37°C for 1 hr. After washing 3 times with bathing solution, cells were exposed to ANG II (10 9 M, 10 11 M) on the coverslip kept at 37°C. The cells were imaged at × 400 magnification using the Leica TCS 4D confocal microscope system with excitation at 485 nm and emission at 503 nm. A23187 (2.5 µM) and dimethylsulfoxide (30 µM) was used as positive and negative control, respectively. Data were analyzed by Microsoft Excel software and represented by % control compared to basal value.
Statistical analysis: Results were expressed as means ± standard errors (S.E.). The difference between two mean values was analyzed by ANOVA test. The difference was considered statistically significant when p<0.05.
RESULTS
Effect of ANG II on cell growth and Na + uptake: ANG II has been implicated in modulating primary rabbit kidney proximal tubule cells growth and function in vitro [29] . In the first set of experiments, we examined the growth responsiveness of PTCs to 10 11 M ANG II. Figure 1 depicts the time course for growth of renal proximal tubule cells in culture. PTCs were treated with ANG II during medium exchange every 3 days. Cells were counted on day 5, 9, and 13. Cell numbers increased logarithmically from days 5 to 13. On day 9, ANG II has a significant stimulatory effect on growth compared with control (79.5 ± 9.3% increase vs. control; p<0.01) (Fig. 1A) . We also studied Na + uptake. ANG II at concentrations of 10 5 -10 13 M or vehicle was applied to PTCs for 4 hr. As shown in Fig. 1B , ANG II caused a dose-dependent biphasic effect on Na + uptake. 10 11 M ANG II stimulated Na + uptake (20.2 ± 5.4% increase vs. control; p<0.05), whereas 10 9 M ANG II inhibited Na + uptake (20.0 ± 7.2% inhibition vs. control; p<0.05). Thus, 10 11 M ANG II, close to physiological concentration, was used in this study.
Effect of ANG II receptor antagonist on Na + uptake:
It is legitimate to ask whether Na + uptake is the target mechanism for ANG II action because ANG II stimulates or inhibits Na + uptake. Thus, we studied the effect of amiloride, an inhibitor of Na + /H + antiporter. Data from these experiments are shown in Fig. 2 . Amiloride (10 3 M) significantly decreased Na + uptake by 54.5 ± 6.2% compared to control. When ANG II (10 11 M) and amiloride were added together to the PTCs, Na + uptake was similar to that of amiloride alone. To determine the receptor subtype mediating the ANG II-induced stimulation of Na + uptake, cells were exposed to the specific receptor antagonist losartan [ANG II receptor subtype 1 (AT 1 ) antagonist, 10 -8 M] or PD123319 [ANG II receptor subtype 2 (AT 2 ) antagonist, 10 -8 M] in the presence of or absence of ANG II. As shown in Fig. 2 , losartan prevented ANG II-induced stimulation of Na + uptake, although PD123319 did not. This result is in accordance with the 125 I-ANG II binding experiment in which 125 I-ANG II binding was inhibited by losartan (47.2 ± 5.0% inhibition vs. 10 11 M ANG II; p<0.01), but not by the PD123319 (Fig. 2, inset) .
Role of cAMP on ANG II-induced stimulation of Na + uptake: To determine if ANG II-induced stimulation was mediated by a PTX-sensitive G-protein, PTCs were exposed to 50 ng/ml PTX for 3 hr before exposure to ANG II (10 -11 M). As shown in Fig. 3 , PTX alone inhibited Na + uptake. In addition, PTX-pretreatment significantly prevented the ANG II-induced stimulation of Na + uptake (p<0.01), suggesting that a PTX-sensitive G-protein G i1-3 or G 0 , mediates the stimulatory effect of ANG II. We then evaluated whether changes in cAMP content were involved in the effect of ANG II on Na + uptake. As shown in Fig.  3A , 8-Br-cAMP (10 6 M) did not affect Na + uptake. SQ 22536 (adenylate cyclase inhibitor, 10 6 M) also did not block ANG II-induced stimulation of Na + uptake. Furthermore, ANG II did not stimulate cAMP production (control: 17.9 ± 0.6 vs. ANG II: 17.6 ± 0.5 pmole/mg protein; p=NS).
Role of PKC on ANG II-induced stimulation of Na + uptake: Because PKC has been shown to stimulate Na + uptake in the brush border membrane, we examined the role of PKC in the ANG II action on the PTCs. First we looked at whether activator of PKC could cause stimulation of Na + uptake in the PTCs. TPA, an activator of PKC, was used in this experiment. Addition of 0.01 ng/ml TPA to the PTCs produced significant increase in Na + uptake (36.1 ± 2.7% increase vs. control) (Fig. 4A) . The next experiment was designed to investigate if ANG II and TPA could act by a similar mechanism. ANG II and TPA were added together to the cultured cells at the concentrations of 10 11 M and 0.01 ng/ml, respectively, which are doses that cause maximal stimulation of Na + uptake. Since the data from this experiment indicated that there was no additive effect on Na + uptake, effect of PKC inhibitor staurosporine on ANG II-induced stimulation of Na + uptake was studied and results are shown in Fig. 4A . Staurosporine led to a complete inhibition of ANG II-induced stimulation of Na + uptake 
DISCUSSION
ANG II has been recognized to have growth promoting properties in a number of tissues including renal mesangial cells [30] . Although many studies support a role for ANG II as a hypertrophic agent [19] , some investigators have reported that ANG II causes cellular proliferation in adult rat and fetal mesangial cells and aortic smooth muscle cells [27, 30] . In addition, low concentrations of ANG II stimulate and high concentrations inhibit Na + /H + antiporter activity in the proximal tubule. The steps in line from the membrane receptor occupancy to the activation of ANG II on cAMP production (n=9). * p<0.05 vs. control; ** p<0.01 vs. ANG II alone.
transporters are not clearly settled. However, the PKA and PKC are involved in the stimulatory effect of low dose of ANG II whereas the PLA 2 is involved in the inhibitory effect of high dose of ANG II in the rat [11, 21, 25] . In the present study, 10 11 M ANG II was observed to stimulate proliferation of PTCs and Na + uptake. The ANG II-induced stimulation of Na + uptake was suppressed by amiloride, indicating that physiological concentration of ANG II stimulates an amiloride-sensitive Na + /H + antiport in the PTCs. This result supports the report showing that in rat proximal tubules ANG II-induced stimulation of [Na + ] i is blocked by amiloride [21] . To determine the receptor subtype mediating the ANG II-induced stimulation of Na + uptake, cells were exposed to the specific receptor antagonist losartan (10 8 M) or PD123319 (10 8 M) in the presence or absence of 10 11 M ANG II and Na + uptake measured.
In the present study, losartan prevented the 10 11 M ANG II-induced stimulation of Na + uptake although PD123319 did not. ANG II-binding was also selectively inhibited by the losartan. These results suggest that 10 11 M ANG II increases Na + uptake via the AT 1 receptors in the PTCs.
This finding is consistent with the report that at both the high and low concentrations of ANG II, its modulation of intracellular sodium levels within the proximal tubule cells is mediated via the activation of AT 1 receptors [31] . The role of ANG II in regulating proximal tubule adenylate cyclase activity is incompletely understood. In vivo studies in rat revealed that infusion of ANG II decreased tubular fluid cAMP delivery and that this effect was reversed by PTX-pretreatment [15] , suggesting that proximal tubule ANG II receptors are coupled to G-proteins. It has been presumed that decrements in cAMP decrease the activity of protein kinase A and in turn decrease phosphorylation of the Na + /H + antiporter on the luminal cell surface, thereby facilitating Na + reabsorption. However, studies in rat proximal tubule basolateral membranes and in isolated rabbit proximal tubules found no effect of ANG II on cAMP levels [8] . Of interest, a recent study revealed that ANG II had no effect on cAMP levels in the OKP cell, proximal tubule-like cell line, although effects of ANG II on Na + /H + exchange were PTX-sensitive [5] . In the present study, we found that the stimulatory effect of 10 11 M ANG II on Na + uptake was blocked by PTX-pretreatment and ANG II had no effect on cAMP production. Based on the above results, we suggest that 10 11 M ANG II stimulates Na + uptake via a cAMP-independent mechanism mediated by an AT 1 and a PTX-sensitive G protein in the PTCs. Although phorbol ester has been found to stimulate the Na + /H + antiporter in brush-border vesicles [24] and to alkalinize proximal tubule cells in vitro [17] , it also reduces Na + , K + -ATPase activity [3] . In the single transepithelial transport study available, phorbol ester administration diminished net bicarbonate and volume absorption in the rabbit S 2 proximal convoluted tubule perfused in vitro [1] . In addition, previous studies have shown that inhibition of transport of ANG II (10 8 to 10 5 M) can be associated with phosphatidylinositol turnover or a rise in intracellular calcium concentration in the primary rabbit kidney proximal tubule cells [28] . In in vivo experiments in rat proximal tubule, PKC inhibition either reduces or abolishes the effects of low dose ANG II [16] . In the present study, there was no additive effect on Na + uptake when stimulatory doses of ANG II and TPA were added together to cultured cells, suggesting that ANG II and TPA act by a similar mechanism. We also found that the stimulatory effects of ANG II (10 11 M) on Na + uptake were blocked by a PKC inhibitor staurosporine and ANG II treatment resulted in a 26% increase in total activity. Furthermore, this increase in PKC activity was accompanied by a modification of the subcellular distribution of PKC activity. These results suggest that PKC mediate a significant portion of the ANG II-induced stimulation of Na + uptake. Indeed, ANG II induced the translocation of PKC α and PKC ε from soluble form to particulate fraction in rat proximal tubule [12] . However, in contrast to PKC, 10 11 M ANG II did not change [Ca 2+ ] i in the present study. Thus, we presumed that [Ca 2+ ] i mobilization may not be associated with ANG II-induced stimulation of Na + uptake although changes in [Ca 2+ ] i has been reported as a mediator of proximal tubular transport response to ANG II. PTX-sensitive PLA 2 pathway has also been suggested to mediate ANG II-induced stimulation of J v and Na + /H + antiport in proximal tubule [14, 18] . But in our study, 10 11 M ANG II did not stimulate [ 3 H]-AA release. These results indicate that [Ca 2+ ] i mobilization and PLA 2 pathway may not be involved in ANG II-induced stimulation of Na + uptake in the PTCs. In conclusion, the PTX-sensitive PKC pathway is the main signaling cascade involved in the stimulatory effects of ANG II on Na + uptake in the primary cultured rabbit kidney proximal tubule cells. These data will be useful for understanding ANG II-mediated signaling to renal Na + transport in physiological conditions.
